Prohead RNA (pRNA) is an essential component in the assembly and operation of the powerful bacteriophage ϕ29 DNA packaging motor. The pRNA forms a multimeric ring via intermolecular basepairing interactions between protomers that serves to guide the assembly of the ring ATPase that drives DNA packaging. Here we report the quaternary structure of this rare multimeric RNA at 3.5 Å resolution, crystallized as tetrameric rings. Strong quaternary interactions and the inherent flexibility helped rationalize how free pRNA is able to adopt multiple oligomerization states in solution. These characteristics also allowed excellent fitting of the crystallographic pRNA protomers into previous prohead/pRNA cryo-EM reconstructions, supporting the presence of a pentameric, but not hexameric, pRNA ring in the context of the DNA packaging motor. The pentameric pRNA ring anchors itself directly to the phage prohead by interacting specifically with the fivefold symmetric capsid structures that surround the head-tail connector portal. From these contacts, five RNA superhelices project from the pRNA ring, where they serve as scaffolds for binding and assembly of the ring ATPase, and possibly mediate communication between motor components. Construction of structure-based designer pRNAs with little sequence similarity to the wild-type pRNA were shown to fully support the packaging of ϕ29 DNA.
Prohead RNA (pRNA) is an essential component in the assembly and operation of the powerful bacteriophage ϕ29 DNA packaging motor. The pRNA forms a multimeric ring via intermolecular basepairing interactions between protomers that serves to guide the assembly of the ring ATPase that drives DNA packaging. Here we report the quaternary structure of this rare multimeric RNA at 3.5 Å resolution, crystallized as tetrameric rings. Strong quaternary interactions and the inherent flexibility helped rationalize how free pRNA is able to adopt multiple oligomerization states in solution. These characteristics also allowed excellent fitting of the crystallographic pRNA protomers into previous prohead/pRNA cryo-EM reconstructions, supporting the presence of a pentameric, but not hexameric, pRNA ring in the context of the DNA packaging motor. The pentameric pRNA ring anchors itself directly to the phage prohead by interacting specifically with the fivefold symmetric capsid structures that surround the head-tail connector portal. From these contacts, five RNA superhelices project from the pRNA ring, where they serve as scaffolds for binding and assembly of the ring ATPase, and possibly mediate communication between motor components. Construction of structure-based designer pRNAs with little sequence similarity to the wild-type pRNA were shown to fully support the packaging of ϕ29 DNA.
bacteriophage phi29 | oligomeric RNA | molecular motor | gp16 D uring the assembly of the Bacillus subtilis bacteriophage ϕ29 and other double-stranded DNA phages, an ATP-driven ring motor plays a crucial role in packaging viral DNA to near crystalline density inside preformed protein shells (proheads) (1) . In ϕ29, the packaging motor is comprised of three ring structures (Fig. 1A) . The head-tail connector, a dodecameric ring of gp10, is embedded in the portal vertex of the head and provides a channel for entry and exit of the genome (2) . An oligomeric ring of ϕ29 encoded prohead RNA (pRNA) encircles the protruding end of the connector, displaying five "spokes" that project away from the head (2, 3) . Subunits of the viral packaging ATPase gp16, a member of the FtsK/HerA ring motor family (4), form a ring that contacts the five spokes of pRNA, completing the packaging motor (3, 5, 6) . Single-molecule laser tweezers studies showed that the ϕ29 DNA packaging motor is one of the strongest molecular motors known, generating approximately 65 pN force (compared to approximately 3 pN for muscle myosin) (7) . The requirement of a RNA-ring structure in the assembly and function of the ϕ29 DNA packaging motor contrasts with equivalent motors in other dsDNA phages such as T4, SPP1, lambda, and P22 where protein-protein contacts anchor ring ATPases to the phage proheads (1) . Cryoelectron microscopy (cryo-EM) 3D reconstructions (2, 3, 8) show that pRNA is strategically positioned in the ϕ29 packaging motor to link the capsid, connector and ATPase components of the motor (Fig. 1A) .
Besides being an essential component of the motor, the ϕ29 pRNA multimer is a rare example of a self-assembling RNA that functions at the quaternary structure level, extending the evolvement of unique functions for RNA. Whereas full-length pRNA is a 174b transcript, a 120b form lacking the 54-nt 3′-Domain II is fully competent for DNA packaging and phage assembly in vitro (9, 10) . Phylogenetic analysis (11), combined with mutagenesis and biochemistry (9, 10) , established a secondary-structure model for the 120b pRNA in which three major helices are organized around a U-rich 3-way junction (Fig. 1B) . The prohead binding and oligomerization capacity of the 120b form resides in a 71b A C B Fig. 1 . The pRNA is an essential component of the bacteriophage ϕ29 DNA packaging motor. (A) Model of the ϕ29 DNA packaging motor derived from cryo-EM 3D reconstructions (3). The head-tail connector (green), pRNA (magenta), and gp16 ring-ATPase (blue) are positioned at the portal vertex of the prohead. (B) Sequence and secondary-structure model of the 120b pRNA Domain I. Nucleotides included in the crystal structure are colored: gray, P A ; green, three-way junction; violet, P C ; orange, L CE ; magenta, P E and L E ; and cyan, P D and L D . The crystallized pRNA oligomerization domain is in the boxed area. In light gray are nucleotides deleted in the final crystallization construct (pRNAmin). The 4-bp P A sequence was changed to a 5′-GGCG helix (12) . Residue numbers refer to the wild-type sequence. (C) The I422 crystal lattice of pRNAmin viewed along the fourfold symmetry axis, revealing the tetrameric pRNA ring. The 3D lattice is formed via P A -P A and P E -P E crystal stacking above and below. fragment (Fig. 1B) , with the remaining 39-nt P A helix providing the binding site for the gp16 ATPase (3, 12) . Early studies demonstrated that pRNA oligomerization is mediated by an intermolecular pseudoknot formed by base-pairing between an internal loop L CE in one pRNA and the L D loop of another pRNA (13, 14) .
The oligomerization state of pRNA on the prohead has been controversial. Free pRNA oligomerizes in solution, and dimers and hexamers have been reported (13) (14) (15) (16) . Early studies concluded that pRNA forms a hexameric ring in the ϕ29 packaging motor (13, 14, 16) , whereas cryo-EM reconstructions of pRNA bound to the ϕ29 prohead showed a pentameric RNA ring contacting the protruding dodecameric connector (Fig. 1A) (2, 3, 8) .
Cryo-EM analyses also demonstrated that the P A helices extend out from the pRNA ring, forming the five spokes that contact the fivefold-symmetric ring ATPase (3). Structural models of the pRNA ring as either a hexamer (13, 17) or a pentamer (2) were proposed. These models, which differ significantly, were based on computational methods integrating the phylogenetic, mutagenesis, and biochemical observations (13, 17) , and cryo-EM reconstructions (2) .
In this study, we report the 3.5 Å oligomeric pRNA crystal structure lacking only the ATPase binding domain. The pRNA protomers were found to assemble in a head-to-tail fashion into a tetrameric ring in the crystal lattice. The structure revealed the intermolecular pseudoknot formation in great detail, and demonstrated a few "design principles" that favor inter-rather than intramolecular interactions in pRNA. Limited flexibility observed in each pRNA protomer provided insight into how it is able to assemble into different oligomeric ring structures in solution. The overall shape of the pRNA protomer in the crystal structure agreed extremely well with its corresponding cryo-EM density, and several EM docking approaches converged to suggest that pRNA assembles into a pentameric ring in the DNA packaging motor. EM docking combined with chemical probing and mutagenesis provided unique insight into pRNA function. In particular, we identified an essential set of specific interactions that anchor the pentameric pRNA ring to the fivefold symmetric prohead shell, providing an updated model for how the ϕ29 packaging motor assembles and functions. Lastly, we demonstrate our understanding of the pRNA structure and function by designing a pRNA molecule that retains the same secondary structure, but conserved sequence at only a few key locations, that is fully active in in vitro ϕ29 DNA packaging.
Results
Arrangement of the pRNA Ring in the Crystal Lattice. The crystal structure of the ϕ29 pRNA prohead-binding domain (Fig. 1B ) was solved at a resolution of 3.5 Å. The starting crystallization construct was the 71b form (bases 25-95) that retains full prohead binding and oligomerization properties, but contains a shortened P A helix (12) . To improve crystal diffraction, the U 35 bulge in the P C helix, A 41 U 42 U 43 of the L CE loop, and U 81 in the L D loop were removed (Fig. 1B) ; these changes were based on previous mutagenesis studies (12, 15) . When these modifications were introduced into the packaging-competent 120b form of pRNA, DNA packaging activity was retained (Fig. S1A ). This construct crystallized as a symmetrical tetrameric ring occupying only 10% of the volume in the I422 crystal lattice (Fig. 1C) . The electron density map allowed unambiguous tracing of the entire RNA molecule (Fig. S1B) . The ring is not flat; its four edges undulate up and down, and the tilted legs protrude out as spokes at the four vertices ( Fig. 2A) . The narrowest inner diameter of the tetrameric ring is 43 Å, the outer diameter is 75 Å from edge to edge, and the ring is 104 Å across. As discussed below, intermolecular interactions are mediated by base pairing between the L CE and L D loops of adjacent pRNA protomers.
Two Flexible Joints and Lack of Tertiary Interactions in the pRNA
Protomer. The individual pRNA protomer in the tetramer ring lacks strong tertiary interactions and adopts a rather extended conformation (Fig. 2B ). Its three major helical elements are organized around the U-rich three-way junction (J U ); helices P A and P D stack coaxially, whereas the P C helix branches out at an approximately 70°angle. At the distal end of the P C helix, the L CE loop kinks the direction of the P E helix sharply by approximately 110°. At the end of P E , the 6-membered L E loop adopts an unexpectedly compact conformation, where U 53 and U 58 form a non-WatsonCrick pair to buttress the U 54 G 55 A 56 triloop, leaving G 57 as a base flip-out. This L E loop conformation is similar to an independently determined NMR structure of the E-loop hairpin (rmsd of all atoms alignment is approximately 2 Å) (18) . The crystal structure also revealed two flexible joints in the J U bulge and the L CE loop flanking P C . At J U , the U 29 and the tri-U linker (U 72-74 ) possess relatively high flexibility, as evidenced by their significantly higher temperature B factors and weaker electron densities, and by their nonstandard local geometry, including a U-turn motif at U 74 (Fig. S1B ). Previously, it was shown that deletion of the tri-U linker in J U abolished DNA packaging function (12) . However, introducing a strand scission at this site using a circularly permuted pRNA restored activity in the absence of the bulge (19) . Thus, it appears that maintaining a degree of flexibility at the U-rich three-way junction is critical for pRNA function. At the L CE loop, the unpaired G 40 also has weak corresponding electron densities, even though this loop was shortened by removing A 41 U 42 U 43 for crystallization ( Fig. S1B) . Thus flexibility at both ends of P C are likely important for pRNA function.
Intermolecular Base Pairing Mediates pRNA Oligomerization. In contrast to a lack of tertiary interactions within each pRNA protomer, the tetrameric ring is formed by strong interactions between protomers. The crystal structure confirmed that pRNA ring formation is mediated by L CE -L D loop interactions, forming the so-called "intermolecular pseudoknot" (Fig. 2C) . Clearly, all four potential Watson-Crick base pairings (A 45 A 46 C 47 C 48 in L CE to G 82 G 83 U 84 U 85 in L D of the adjacent protomer) are involved, in contrast to previous mutagenesis studies that showed that the two G∕C base-pairs are sufficient for DNA packaging in vitro (13, 15, 16) . In fact, our structure revealed a fifth pseudoknot interaction as a base triple between A 44 in L CE Unexpectedly, the intermolecular base pairing was also found to be an integral component of RNA superhelices that transect the ring as tilted spokes. These superhelices arise from the continuous stacking of multiple helical elements from two adjacent pRNAs: P E , L CE of one pRNA aligning with L D , P D , and P A of the adjacent pRNA ( Fig. 2 A and C) . These superhelices dominate the structure of oligomeric pRNA, providing unique insight into its assembly and function (see below).
A Pentameric pRNA Model Through cryo-EM Docking. To understand the architecture and function of pRNA as part of the ϕ29 prohead, the pRNA crystal structure was fit into a 12.7 Å resolution cryo-EM 3D reconstruction of the prohead/pRNA complex (21) using the automated molecular-docking procedure in the Chimera program (Fig. 3) (22) . The pRNA protomer fits very well into the RNA envelope (Fig. S2A) , as the L CE and L D loops are positioned to interact with their respective neighboring pRNAs and the truncated P A helix aligned well with the spoke density known to be the P A helix, the site of the ATPase gp16 binding. Further, the orientation of the L E loop of pRNA correlated very well with previously unassigned cryo-EM density that contacts the phage shell. Overall, the excellent alignment of the crystal structure with the known structural features of pRNA supports the notion that the crystal structure reflects its native conformation in the packaging motor.
Next, both rigid-body and flexible docking approaches were used to dock crystallographic pRNA protomers sequentially into the EM densities of pRNA, producing pentameric pRNA models that fit the EM envelope quite well (correlation coefficients over 0.8 by Situs program (23); Fig. S2 A and B; see SI Discussion for details). The flexible docking procedure that takes into account the inherent flexibility in J U produced a pentameric pRNA model that satisfied all geometric constraints and agreed extremely well with the cryo-EM densities (correlation coefficient of 0.84; Fig. 3A) .
Considering recent reports of a pRNA hexamer on the prohead using single particle analysis (24, 25) , a symmetric hexameric pRNA ring was generated in silico using a similar flexible docking approach (Fig. S3A) . Notably, the inner pore of this hexameric pRNA model is approximately 95 Å (Fig. S3A) , significantly larger than the approximately 82 Å pentameric pRNA ring generated by cryo-EM docking (Fig. 3A and Fig. S3C ). Whereas a pentameric pRNA ring makes close contacts with the lower rim of the connector portal (Fig. 3B) , a large gap is present between a hexameric ring and the connector portal, suggesting that a hexameric pRNA ring would fit poorly on the prohead (Fig. S3) . In addition, a hexameric pRNA ring would presumably have six, rather than five, projecting spokes in cryo-EM recon- struction (8) . Enforcing sixfold symmetry during reconstruction (8, 26 ) yielded a ring, but without the spokes known to be comprised of P A (3) (approximately 45% of the 120b pRNA mass) due to the imposition of sixfold averaging.
pRNA-Prohead Contacts Critical for pRNA Symmetry. To further examine pRNA-prohead contacts relevant to pRNA assembly and motor function, the crystal structure of the dodecameric gp10 connector (2) and a pseudoatomic model of the capsid protein gp8 (21) were also docked into the EM envelope. Excellent shape complementarity was found at the pRNA-connector interface (Fig. 3B) , with contact confined to the ring portion of pRNA (including P C , L CE -L D , and the 3-way junction) and the protruding narrow end of the connector. This interface is consistent with a directed hydroxyl radical probing/mapping study that showed increased cleavage sensitivity in this region of the pRNA when a probe was tethered to the narrow end of the connector in proheads (27) . The symmetry mismatch between a pentameric pRNA and the dodecameric connector dictates that the contacts to each pRNA protomer are nonidentical, and therefore more likely to be nonspecific electrostatic interactions rather than base-specific interactions. The positively charged RKR residues at the N-terminus of the connector are likely candidates for such interactions, as deletion of these residues leads to loss of pRNA binding (27) .
In contrast, a set of symmetric interactions are found between the L E loop of each pRNA protomer and the gp8 capsid subunits that abut the upper rim of the connector (Fig. 3C ). Earlier cryo-EM studies (3, 21) reported a contact, and our new structural model of pRNA defines this interaction. gp8 subunits abutting the connector adopt a conformation distinct from subunits in the rest of the prohead in that the BIG2 surface domains are rotated 180°away from the connector (3, 21) . These five unique gp8 surfaces at the capsid portal vertex appear to form specific, symmetric contacts with a minor groove-facing dinucleotide stack (G 55 and A 56 ) in the L E loop of the five pRNA protomers. The contacts anchor the pRNA ring to the ϕ29 prohead.
To provide a pseudoatomic model of a fully functional pRNA oligomer in the packaging motor, the truncated P A helix of the crystal structure was extended using an ideal A-form RNA to generate a 120b pRNA model. This RNA was flexibly docked into the 18 Å prohead/pRNA/ATPase motor cryo-EM reconstruction (3) (Fig. 3D) . The structure of the pRNA in the motor is dominated by five relatively rigid superhelical scaffolds that serve to connect the head to the ATPase. The central positioning of the intermolecular interaction in the superhelix supports the hypothesis that the intermolecular base pairing is retained in the active packaging motor. Approximately 80% of the bases in 120b pRNA would comprise these superhelices, suggesting that pRNA in the motor may now best be described as five superhelices, joined by flexible linkers, that span the entire packaging motor assemblage (Fig. 3D) . Although not included in the 120b pRNA model, the essential C 18 C 19 A 20 bulge in the P A helix is expected to point toward the gp16 moiety, consistent with the protection of C 18 C 19 in pRNA footprinting studies with gp16 (5).
Mutagenesis and Chemical Probing Confirm the Importance of the pRNA-gp8 Interaction. The symmetric interaction between the five L E loops and five gp8 subunits surrounding the connector suggests a role in pRNA recruitment and motor assembly. Because previous single base substitutions in L E did not yield a definitive phenotype (10), the entire loop was substituted to verify the functional importance of the putative pRNA-capsid (gp8) contact. The wild-type L E sequence (UGAGUU) was replaced with either a GAAA or UUCG tetraloop in the 120b form of pRNA to test the effect of L E substitution on in vitro DNA packaging. Both tetraloops are known to reproducibly adopt stable tertiary structures (28, 29) , and NMR data suggested that the UUCG substitution does not change pRNA folding (20) . The GAAA tetraloop resembles L E in that both contain a dinucleotide purine stack facing the minor groove that can potentially interact in a similar fashion with gp8 (Fig. S4A) . In contrast, the UUCG tetraloop conformation is quite distinct from the wild-type L E conformation, and thus it was expected to be defective for prohead binding (Fig. S4B) . Confirming these predictions, proheads reconstituted with GAAA-pRNA retained near wild-type prohead-binding capacity and in vitro DNA packaging (Fig. 3 E and F) . In contrast, the prohead binding and packaging activities with UUCG-pRNA were undetectable, likely due to the inability to establish functional contacts with gp8. The importance of the L E loop structure is supported by its high sequence conservation among ϕ29-relative pRNAs (11) and systematic evolution of ligands by exponential enrichment studies of the prohead binding domain (10) .
SHAPE (selective 2′-hydroxyl acylation analyzed by primer extension) was used to probe the conformation of the 120b pRNA and its molecular contacts with the ϕ29 prohead. SHAPE probes the RNA conformation and the protein-binding footprint based on the accessibility of each ribose 2′ hydroxyl to acylation reagents such as 1M7 (30) . The reactivity of the free pRNA (Fig. 4A) agreed well with the secondary structure revealed by our crystal structure. In the prohead-bound pRNA sample, several regions of pRNA became less reactive, and these residues correlated well with the predicted gp8 and gp10 contacts on the prohead (Fig. 4 B and C) . The pRNA residues in proximity of the connector, including those in L D , L CE , and the three-way junction, became significantly protected, presumably due to burial or loss of flexibility upon pRNA ring formation around the connector portal. In addition, significant protection was found for L E loop residues (Fig. 4A ) that are in contact with the gp8 capsid in our cryo-EM docking results. Thus, SHAPE analysis and the mutagenesis results support a direct contact between pRNA and the surrounding capsid gp8 subunits on the ϕ29 prohead. Designer pRNAs Fully Reconstitute Wild-Type pRNA Function. To test our understanding of the pRNA structure-function relationship in prohead binding, we designed functionally competent pRNA molecules based on the accumulated genetic, biochemical and structural data. A120-nt designer pRNA was generated that preserved secondary structure throughout most of the RNA molecule, but that retained only the specific sequences of the L E loop, the U-rich 3-way junction needed for flexibility, and a paired L CE -L D interface (Fig. 5A) ; the ATPase binding P A helix, not included in the crystallization construct, had the wild-type sequence. This designer pRNA retained near wild-type levels of prohead binding and DNA packaging activities (Fig. 5 B and  C) . In contrast, a designer pRNA construct lacking the L E -prohead contact (UUCG-L E ) had no detectable activities (Fig. 5 B  and C) . To determine if the U-rich 3-way junction plays additional roles besides maintaining flexibility, U 29 and U 72-74 were replaced with adenosines. This construct still retained approximately 25% of the wild-type DNA packaging activity (Fig. 5 B and C) , consistent with this region playing a structural role rather than a sequence-dependent role. Because pRNA residues that contact the connector were varied, whereas the shell contacts were preserved, these experiments further verify the sequenceindependent nature of the pRNA-connector interaction and the functional significance of the specific L E -gp8 interactions in directing the correct assembly of the ϕ29 DNA packaging motor.
Discussion
Principles of RNA Oligomerization Derived from the pRNA Structure.
Determination of the oligomeric pRNA crystal structure provides a direct observation of a self-assembled RNA quaternary structure larger than a homodimer. Whereas homodimeric RNA structures can be assembled from two similar or identical modules through kissing loops, higher-order structure formation requires the involvement of two distinct interacting modules, such as the L CE and L D sequences in the ϕ29 pRNA. Here the limited flexibility within each pRNA protomer dictates the range of oligomeric ring structures that can be assembled from the same building block. This principle has been applied to tectonic RNA design studies. For example, introducing two different interaction modules into distal ends of a right-angle-, three-way junction-, or tRNA-motif led to oligomeric RNA ring formation (31) . Interestingly, base-pairing modules in a three-way junction architecture are frequently found to mediate intramolecular interactions in the RNA world. However, the same framework in pRNA is tailored for inter-rather than intramolecular interaction. First, the continuous base stacking of L CE ∕L D below P E projects the two arms P C and P D away from each other at roughly a right angle (Fig. 2) . Second, the mismatch in length between the P C and P D arms serves as a deterrent to alignment for intramolecular interaction. Last, the limited flexibility at the three-way junction cannot accommodate a connection between P C and P D that would be required for an intramolecular interaction. These design principles utilized in a naturally occurring oligomeric RNA could inform and assist future RNA tectonics design.
Assembly of pRNA. Anchoring of the pRNA to the prohead is the final step in prohead assembly (9, 10) and involves multiple events and components. Previously it was shown that the intermolecular pseudoknot (13) (14) (15) (16) and the interaction of pRNA with the RKR residues of the gp10 connector N-terminus (27) were required for prohead binding. Here we demonstrate the additional requirement for a functional L E loop-shell contact. All three contacts are required, as mutation of any one disrupts prohead binding. A possible scenario for this multistep process is that the positively charged N-termini of the connector subunits recruit the pRNA to the vicinity of the head, while the L E -shell contacts and intermolecular base-pairing then confer the final stable conformation of the bound pRNA ring.
As for pRNA symmetry, the excellent fit of the pRNA crystal structure into the cryo-EM density and the identification of the specific L E -shell contact, verified by mutagenesis and SHAPE analysis, rationalizes the observed pentameric symmetry seen in cryo-EM (see also SI Text). Further, the positioning of the intermolecular pseudoknot that links pRNAs as a central part of the superhelices that form the five spokes of the ring (Fig. 3) make it unlikely that a sixth pRNA protomer may be in a unique position in the ring that is not detected in cryo-EM; if so, it would not be connected by the base-pairing seen at the L CE -L D junction (Fig. 2C) . Taken together, these conclusions provide strong support for the pentameric, rather than hexameric, symmetry of pRNA on the prohead.
Function of pRNA. pRNA clearly has a demonstrated role in motor assembly. The multiple interactions that occur in the pRNA prohead-binding domain, visualized here, serve to anchor pRNA directly to the head, with the spokes portion of the pRNA superhelices then providing the scaffold for the assembly of the ring ATPase. This function of pRNA as a scaffold is reminiscent of the 7S RNA in the eukaryotic signal recognition particle (SRP), which provides a scaffold to chaperone the assembly of SRP proteins. The activity of the packaging ATPase gp16 is pRNAdependent, as the ATPase activity of gp16 alone is weak and only reaches full activity when bound to pRNA on the prohead (10). A putative ATP-binding function for pRNA has been reported (32), although our structural and mutagenesis data suggested that it is unlikely to be a native function of pRNA (see SI Text and Fig. S5 ).
Finally, pRNA may play a role in communication between the ATPase and the connector and capsid, given its position as the central connecting hub within the motor. Recent single-molecule laser tweezers studies show that the ϕ29 packaging motor is highly coordinated, with at least four gp16 ATPases participating during each mechanochemical cycle (33) . In addition, phage packaging motors have been shown to respond to the amount of DNA packaged, because the motor slows during packaging as pressure builds within the head (7). Both phenomena require communication and coordination in the motor and, in ϕ29, the pRNA is likely involved in both processes given its central position. Given this, the intermolecular pseudoknot may be crucial as it appears to provide dual function: It is the structural linkage between pRNA protomers that provides connectivity within the RNA ring, and it is a central component of the RNA superhelices that provides a structural basis for communication between all of the protein components.
The dsDNA bacteriophages are thought to share a common packaging mechanism (reviewed in ref. 1). As pRNA is unique to ϕ29-like phages, RNA-mediated ATPase assembly and communication would likely be carried out by protein subdomains in these other motor assemblages. Indeed, whereas the ϕ29 ATPase is notably smaller than other dsDNA packaging ATPases (the large subunit of the terminase complex), the gp16-pRNA complex is typically considered functionally equivalent (1). Cryo-EM (34) and genetic evidence (1) for interaction of the packaging ATPases of other phages with the connector has been reported, and in the case of T4 a pentameric symmetry of the ATPase on the head has been established (34) . Whether there is also a head shell interaction in ATPase assembly that confers symmetry, as seen in pRNA, remains to be determined. Many dsDNA phages also have a "head-full" mechanism that is believed to report the amount of DNA packaged to the translocating ATPase-terminase complex (1) and "cross-talk" between the connector and ATPase has been demonstrated in SPP1 (35) . In ϕ29, pRNA would be the mediator of cross-talk because there is no direct contact between the ATPase and the prohead proteins. Whereas the ATPases in the ϕ29 motor have been shown to be highly coordinated, with a potential role assigned to pRNA, in T4 the ATPase subunits are proposed to have a mechanism similar to a monomeric helicase (34, 36) . If this holds true for other phage systems, pRNA may have a unique role in contributing to motor coordination. Because the potential role of pRNA in communication can be structurally segmented from the other catalytic and mechanical components involved in packaging, study of pRNA provides an unique opportunity to dissect principles of motor communication that may be common to other phage packaging systems.
Experimental Procedures RNA Crystallization, Phasing, and Structure Refinement. The pRNA crystal structure was determined by the single isomorphous replacement anomalous scattering method from a tantalum bromide cluster derivative (Table S1) . RNA construct design, crystal optimization, phasing, and refinement are described in detail in SI Experimental Procedures.
Docking of the pRNA into Cryo-EM Envelopes. The detailed EM docking procedure is described in SI Experimental Procedures.
In Vitro Prohead Binding and DNA Packaging Assay. In vitro prohead binding and DNA packaging assays were carried out as described (37) with minor modifications (see SI Experimental Procedures).
SHAPE Probing Analysis. SHAPE analysis was carried out as described (30) with minor modifications (see SI Experimental Procedures).
